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[1] The Greenland ice sheet underwent record extensive melt in 2002 and prolonged melt
in 2003. The severe melting created a significant and extensive ice layer over the
Greenland ice sheet. An innovative approach is developed to detect the ice layer formation
using data acquired by the SeaWinds scatterometer on the QuikSCAT satellite. QuikSCAT
backscatter together with in situ data from automatic weather stations of the Greenland
Climate Network are used to map the extent of ice layer formation. The results reveal areas
of extensive ice layer formed by the 2002 melt, which is consistent with the maximum
melt extent in 2002. Moreover, during freezing seasons, QuikSCAT data show a linear
decrease in backscatter (in decibels or dB) that is related to the amount of snow
accumulation in the ice layer formation region. This snow accumulation signature is
caused by the attenuation of radar waves in the snow layer, accumulating since the last
major melt event, whose thickness appears as an exponential function in relation to the
backscatter signature. We use the Greenland Climate Network data to calibrate the
QuikSCAT accumulation rate in order to estimate and map snow accumulation.
QuikSCAT results capture the extreme snowfall in mid-April 2003, which deposited more
than 0.5 m of snow in a day as measured by the automated weather station at the NASA
South East site. Large-scale QuikSCAT results show an anomalous increase of snow
accumulation over the southeast region of Greenland during the 2002–2003 freezing
season.
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1. Introduction

[2] In light of possible future sea level rise, a pressing
need exists for precise knowledge of the mass balance of
large ice sheets like Antarctica and Greenland. The
deposition and accumulation of water as snow on the
ice sheet are key components of mass balance. Changes
in ice sheet thickness with time have been inferred from
aircraft [Krabill et al., 2004; Thomas et al., 2003] and
satellite data [Zwally et al., 1998; Davis et al., 1998]. The
Greenland ice sheet shows little change in overall mass,
although significant thinning has been found near coastal
regions particularly in the western part of Greenland.
[3] The first satellite-borne radar remote sensing sys-

tems, including an L-band synthetic aperture radar (SAR)
and a Ku-band scatterometer, were flown on the Seasat
satellite in 1978. The SAR provided high-resolution
images, but only over a narrow swath with limited spatial
and temporal sampling. Nevertheless, it has been a useful

tool for studying polar ice [Jezek et al., 1993]. Studies of
Greenland and Antarctica ice sheets take advantage of the
sensitivity of backscatter to the density and grain size in
the various ice facies, especially in the percolation zone
and during summer melt. This approach provides a
means of examining long-term variability over the ice
sheets, particularly, including the extent of the seasonal
snowmelt zone over Greenland [Wismann, 2000; Smith et
al., 2003]. Estimates of changes in accumulation rates
over ice sheets have been made over Greenland
[Drinkwater et al., 2001] using scatterometer data from
multiple sensors.
[4] With the launch of ICESat (Ice, Cloud, and land

Elevation Satellite Mission), a new tool became available
to map surface height changes of the ice sheet from
space. In the ablation region, height changes can be
related to surface melt and to the dynamic response of
the ice sheet (e.g., dynamic thinning in the Jakobshavn
region [Thomas et al., 2003]). In the dry snow region,
height changes are related to changes in snow accumula-
tion and variations in firn density [Zwally and Jun, 2002].
In the remaining part of the ice sheet, the percolation
zone (more than 1/3 of the ice sheet area), the surface
height change is the result of spatial and temporal
variability in snow accumulation [McConnell et al.,
2000] and variations in near-surface firn density
[Braithwaite et al., 1994].
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[5] The maximum melt extent of the Greenland ice sheet
has increased approximately 16% from 1979 to 2002 on the
basis of passive microwave (PM) satellite data [Steffen et
al., 2004]. The total area of surface melt on the Greenland
ice sheet broke all known records for the island in summer
2002, with a melt area of 690,000 km2 significantly ex-
ceeding an average melt extent of 455,000 km2 from 1979
to 2003 observed by PM data [Steffen et al., 2004]. With
increased melt in the percolation region, the snow and firn
layers increase in density because of the percolation and
refreezing of meltwater, reducing the surface height by near-
surface densification. Thus information on the melt densi-
fication is important to accurately estimate ice mass balance.
[6] In this paper, we present (1) the first method to

map the extent of ice layer formation where densification
is significant because of summer melt and (2) a
new method to map snow accumulation in the percolation
zone using QuikSCAT data. The Greenland Climate
Network data are important in both algorithm
development and result verification. We show the
first maps of the ice layer extent caused by the record
summer melt in 2002 and of anomalous snow accumula-
tion is in southeast Greenland during the 2002–2003
freezing season.

2. Greenland Climate Network

[7] We use in situ data measured by the Greenland
Climate Network (GC-Net) for the interpretation of
QuikSCAT signatures to develop algorithms to detect
and map the extent of ice layer formation and snow
accumulation. The GC-Net was established in spring
1995 with the intention of monitoring climatological
and glaciological parameters at various locations on the
ice sheet over a time period of at least 15 years [Steffen
and Box, 2001]. GC-Net currently consists of 18 auto-
matic weather stations distributed over the entire Green-
land ice sheet (Figure 1). Four stations are located along
the crest of the ice sheet (2500 to 3200 m elevation
range) in a north-south direction, eight stations are
located close to the 2000 m contour line (1830 m to
2500 m), four stations are positioned in the ablation
region (50 m to 800 m), and two stations are located
at the equilibrium line altitude on the west coast and in
the northwest.
[8] The objectives of the GC-Net stations are to mea-

sure hourly, daily, annual and interannual variability in
accumulation rate, surface climatology and surface energy
balance parameters at selected locations on the ice sheet,
and to monitor near-surface snow temperatures at the
automated weather station (AWS) locations for the as-
sessment of snow densification, accumulation, and meta-
morphosis. Each AWS is equipped with a number of
meteorological instruments (Figure 1) to measure the
following parameters: (1) the surface height change at
high temporal resolution to identify and resolve individual
precipitation events and storms, (2) the radiation balance
at the surface, (3) temperature, humidity and wind speed
profiles in the surface boundary layer, and (4) the
snowpack conductive heat flux that also describes the
energy dissipation from refreezing of percolated meltwa-
ter. Additional meteorological parameters such as wind

direction, pressure, and short-wave incoming and reflected
radiation are also recorded.

3. Timing of Melt and Freezing

3.1. QuikSCAT Data for Melt Monitoring

[9] During snowmelt and refreezing processes, snow
metamorphoses and backscatter signatures are complicated.
The timing of melt and refreezing is important for
mapping ice layer formation extent and snow accumula-
tion, which requires stable backscatter data in freezing
seasons. We have developed a method to accurately
determine timing of melt and freezing from QuikSCAT
data and verify results with GC-Net data [Nghiem et al.,
2001]. QuikSCAT is suitable for this application because
it is able to monitor changes on diurnal as well as
seasonal timescales over a large area. The QuikSCAT
satellite was launched in June 1999, and carries a Sea-
Winds scatterometer (Ku-band, 13.4 GHz) accurately
measuring global backscatter (�0.2 dB accuracy) with a
swath of 1800 km for the vertical (V) polarization and
1400 km for the horizontal (H) polarization [Tsai et al.,
2000]. QuikSCAT completely covers Greenland two times
per day (around local 6:20 am and pm). We use the
vertical polarization cell data with an approximate spatial
resolution of 25 km � 25 km for melt mapping.

3.2. QuikSCAT Melt Signature

[10] As an example, we show more than 4 years of
QuikSCAT and AWS data at the NASA South East
(NASA-SE) station in Figure 2. This station is located in
the percolation zone of the southeastern region of Greenland
at 66.48�N and 42.5�W (Figure 1). When the surface snow
layer undergoes melting, backscatter drops significantly as
seen in Figure 2a. The QuikSCAT diurnal signature is
defined as the difference between morning and evening
backscatter (in dB, commonly used in radar remote sens-
ing). It is 10 times the base-10 logarithm of the number
proportional to the ratio of morning backscatter over even-
ing backscatter. The diurnal signal can change significantly
and can take on both positive and negative values as shown
in the second panel in Figure 3b. In situ temperature
measured at the NASA-SE AWS in Figure 2c verifies the
melting conditions detected by QuikSCAT. Our melt detec-
tion algorithm uses the diurnal difference in the backscatter
signature between day and night. Detail of the algorithm is
published by Nghiem et al. [2001]. This approach does not
depend on absolute backscatter and is independent of the
long-term drift of the radar gain. This allows a consistent
interannual monitoring of melt regions, while the high
temporal resolution allows observations of melt events on
the daily timescale.

3.3. Melt/Freeze Timing From QuikSCAT

[11] Dates for the first and the last melt mark the melt
time blocks in 1999–2003 as presented in Figure 2 and
listed in Table 1. For our purpose, we define the melt time
block, Dtm, as the time between the first and the last melt, in
which melt events can occur intermittently with multiple
melt and refreezing cycles. Results reveal large interannual
variability in the first- and the last-melt date, and in the melt
time block Dtm. Note that a longer Dtm does not necessarily
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mean stronger melt or a larger number of melt days within
Dtm, and there can be periods of no melt (intermittent
refreezing periods) in Dtm. We define Dtm in this manner
for the specific application of ice layer formation and snow
accumulation mapping to be described later. Both melt
timing and Dtm vary spatially in the percolation zone.
Within a melt time block Dtm, absolute backscatter is
complex and varies significantly (see Figure 2).
[12] We define a freezing season as the time duration

between two consecutive melt time blocks Dtm (not just
between two isolated melt events). As defined, a freezing
season lasts several months and contains no detectable
melt event (Figure 2). We use the term freezing ‘‘season’’
to be consistent with the seasonal timescale (several
months), and to distinguish with an intermittent refreezing
‘‘period’’ on timescales of days to weeks within a melt
time block Dtm (Figure 2). During a freezing season,
backscatter is very stable and can be used to detect the
ice layer formed during the preceding melt time block

and to estimate total snow accumulation. Therefore the
first step is to determine the timing of the first and last
melt, extract Dtm, and select the freezing season for
stable backscatter.

4. Detection of Extent of Ice Layer Formation

4.1. QuikSCAT Signature of Ice Layer Formation

[13] The ice layer formation extent is defined as the
spatial extent of an ice layer formed during a melt time
block. An ice layer consists of bigger scatterers such as
clumps of coalesced ice grains, icicles, ice columns, or ice
lenses formed by the percolation of melting water (Figure 3)
that refreezes in the firn layer. Once created, the ice layer
remains in place during the subsequent freezing season and
becomes buried as snow accumulates. Large scatterers in
the ice layer can dominate radar backscatter. In fact, from
surface-based C-band radar measurements at a site on the
western flank of Greenland, Jezek et al. [1993] identified

Figure 1. (left) Location map of the Greenland Climate Network (GC-Net) automatic weather stations
(AWS). (right) Humboldt AWS with instruments. The 4 � 100 Ah batteries are buried beneath the AWS
tower in a wood box, and the snow temperatures are measured with a 10-m thermocouple string
extending from the data logger box. More information about the GC-Net is given by Steffen and Box
[2001].
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strong backscatter from summer ice lenses formed within
the previous winter’s snowpack.
[14] Results in Figure 2 show Ku-band backscatter re-

sponse before and after four different melt time blocks in
2000–2003 at the NASA-SE location. Clear jumps in
horizontally polarized backscatter of 1.5 dB in 2002 and
2.0 dB in 2003 (46� incidence angle) indicate the formation
of ice layers containing large ice scatterers. Backscatter with
the vertical polarization (54� incidence angles) also shows
the jumps in 2002 and 2003 with weaker changes in
amplitude compared to those with the horizontal polariza-
tion. Given the scatterometer measurement accuracy of
about 0.2 dB (3s) [Tsai et al., 2000], these backscatter
jumps are well above the signal accuracy limit. No signif-
icant increase in backscatter was observed across the 2001
melt time block indicating little or no new ice layer
formation. Hence the backscatter from ice layers formed
in previous years is still the main source of the signal.
Figure 3 shows the ice layer formed during the 2002 melt
time block and the corresponding QuikSCAT backscatter
increase of 4.4 dB at the NASA East (NASA-E) location.
Field measurements at this location confirm a 2-cm thick ice

layer and a number of vertical percolation features at the
2002 summer horizon in the snowpack.

4.2. QuikSCAT Algorithm for Detection of
Ice Layer Formation

[15] The approach is to subtract the biweekly averaged
backscatter before and after a melt time block to deter-
mine the backscatter change in the dB domain. The new
extent of the ice layer formed in a given year is detected
on the basis of the backscatter increase after the Dtm in
the corresponding year. We take a backscatter increase of
0.5 dB or more after the last-melt day as a result of the
formation of ice scatterers in the snow layer. We select
the backscatter increase value of 0.5 dB (2.5 times of the
QuikSCAT measurement accuracy) to ensure the change
is significantly above the uncertainty of 0.2 dB in each of
the two backscatter values before and after Dtm. This is
because a lower value of the backscatter increase would
contain a larger uncertainty while a higher value might
underestimate the area of the ice layer formation. This
algorithm, using analysis in the time domain, demands
that each pixel is treated not as a single point measure-

Figure 2. Time series (more than 4 years) for the NASA-SE site. (a) QuikSCAT backscatter,
(b) QuikSCAT diurnal signatures, and (c) AWS air temperature. Vertical red/blue lines are for first- and last-
melt dates, respectively. The arrow indicates the date (15 April 2003) when an extreme snowfall occurred
while the temperature was well below freezing.
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ment but rather as a time series record such as those
shown in Figures 2 and 3.

4.3. Mapping Extent of Ice Layer Formation

[16] The ice layer formation map in Figure 4, derived
from QuikSCAT horizontal polarization cell data, reveals

extensive ice formation over the Greenland ice sheet in
2002. The area outside the black contour in Figure 4 is
the passive microwave–derived melt area, which is the
most extensive from the passive microwave data record in
the past 25 years [Sturm et al., 2003; Steffen et al.,
2004]. On the ice layer formation map in Figure 4, we

Figure 3. (a) Stratigraphy of snow pit depicting several wind crusts (WC), a 2-cm thick ice layer, and a
distinct depth hoar layer at NASA-E location. The hardness for each layer is provided by a gray scale and
is explained to the right of the graph. (b) Plots of QuikSCAT signatures at NASA-E showing the 2002
melt time block from the first-melt date (red vertical line on the three graphs) to the last-melt date (blue
vertical line) and the backscatter increased by the ice layer formation in 2002.
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also overlaid the blue contour representing the melt extent
(two or more days) detected by QuikSCAT. The difference
between the passive microwave– and the QuikSCAT-
derived melt areas is explained in detail by Steffen et al.
[2004]. The band of ice layer formation along the south-
east, south, and southwest areas in the Greenland percola-
tion zone was mostly confined within the passive
microwave melt extent, which signifies a later or stronger
melt compared to the QuikSCAT melt result [Steffen et al.,
2004].
[17] All of the 2002 ice layer formation was within the

QuikSCAT melt extent; however, there are QuikSCAT
melt areas with no detectable ice layers. This could be
due to early or weak melt in these areas, or due to snow
accumulation that melted into an ice layer from a
previous year (e.g., west flank of the Greenland ice
sheet). In western Greenland, the area of ice layer
formation coincides with the region from the higher-
elevation side of the passive microwave melt area to
the boundary of the QuikSCAT melt contour, located well
into the dry snow zone. This anomalously extensive ice
layer formation was created during the 2002 melt season,
which itself was extensive. Similar anomalously extensive
areas of ice layer formation occurred on the north and
east sides of the Greenland ice sheet (Figure 4). A map
of melting days derived from QuikSCAT is shown for
comparison (Figure 5). Figure 5 indicates that ice layer
formation can occur in areas experiencing as few as two
days of melt. Furthermore, the ice layer formation map
(Figure 4) shows that the major portion of the ice
formation is within the percolation zone of the Greenland
ice sheet defined by Benson [1962] (Figure 5); however,
because of the 2002 record melt, the ice layer formation
extends well into the dry snow zone defined by Benson.
[18] Regions of the 2002 ice layer formation (Figure 4)

were obtained by subtracting biweekly averaged backscat-
ter values between 23 March and 7 October 2002, to
ensure that the 2002 Dtm was fully enclosed. Conse-
quently, some regions of ice layer formation might be
missing because of differences in melting and attenuation
by snow accumulation in different regions of Greenland.
Thus the ice layer formation extent shown in Figure 4 is
a conservative measure of the true extent. Quantitative
knowledge of ice layer formation and extent is crucial in
a changing climate because a change in surface density
causes an elevation change without a corresponding
change in accumulation. Ice sheet elevation change de-
rived from aircraft (laser altimeter repeat survey) or
satellite (ICESat, or the forthcoming CryoSat) is not only
a response to accumulation change but is also due to
differential snow densification. Given the increase in the
aerial extent of melt on the Greenland ice sheet, in
particular during the last decade, changes in snow density

(e.g., due to an increase in the number of ice layers) can
account for surface elevation changes as observed in the
southwestern region of the ice sheet.

5. Estimation of Snow Accumulation

5.1. QuikSCAT Signature of Snow Accumulation

[19] Several methods have been used to estimate snow
accumulation (SA) over the Greenland ice sheet. C-band
ERS-1 SAR data in September–November 1992 were used
to estimate snow accumulation in the dry snow zone of the
Greenland ice sheet [Munk et al., 2003]. C-band ERS

Table 1. First-Melt Dates, Last-Melt Dates, and Melt Time Block

Dtm in 1999–2003 at NASA-SEa

1999 2000 2001 2002 2003

First-melt date na 30 June 10 June 13 June 27 August
Last-melt date 6 August 21 August 14 June 20 July 31 August
Dtm na 53 days 5 days 38 days 5 days

aAbbreviation na is not applicable.

Figure 4. Extent of ice layer formation overlaid with the
backscatter difference (color scale unit in dB) derived from
QuikSCAT data between 7 October 2002 (after the last
melt) and 23 March 2002 (before the first melt). The region
outside the black contour is the maximum melt area extent
derived from passive microwave data. The region outside
the blue contour is the melt extent where two or more melt
days were observed by QuikSCAT.
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scatterometer and Ku-band NSCAT scatterometer data were
also used. ERS scatterometer data are collected with a small
single-sided swath with a coarse resolution of 50 km. The
NSCAT data set is better in terms of swath width and
resolution, but the mission lasted only 9 months.
Drinkwater et al. [2001] used backscatter slope obtained
from the NASA Scatterometer (NSCAT) data with multi-
incidence angles to estimate SA. Unlike NSCAT, QuikSCAT
does not have multiple incidence angles, but only a single
incidence angle for each different polarization beam, hence
the NSCAT approach is not applicable. We present a new
method to retrieve snow accumulation depth fromQuikSCAT
data on a daily to weekly basis for the percolation regions of
the Greenland ice sheet.

[20] As snow accumulates, the backscatter contribution
from the ice layer, consisting of large scatterers (Figure 3)
created by melt metamorphosis of firn layers, becomes
weaker because of the two-way attenuation (incoming and
backscattering paths) in the snow. Thus snow attenuation
forces the backscatter to decrease during freezing seasons as
seen in Figure 2. The multiyear backscatter signatures at the
NASA-SE (Figure 6) depict in detail the backscatter de-
crease during 1999–2003 freezing seasons together with
snow accumulation depth (above the snow level on 1/1/
1999) at NASA-SE AWS. We observe several interesting
features in Figure 6: (1) the linearity in both backscatter
decrease and in snow accumulation, (2) an anomalously
high snow accumulation rate and total snow accumulation
during most of the 2002–2003 freezing season, (3) several
sharp increases in accumulation including an extreme
snowfall in the middle of April 2003, and (4) lowering of
snow surface height after the extraordinary snow event in
2003.

5.2. QuikSCAT Algorithm for Retrieval of Snow
Accumulation

[21] Our algorithm exploits the inverse relationship
between backscatter and snow accumulation. The funda-
mental physics behind the linear relationship between
backscatter in dB (not in the linear domain) and snow
accumulation is the exponential function of backscatter
attenuation due to snow cover depth. Consider the scat-
tering configuration in Figure 7 depicting snow accumu-
lation with a depth d from the snow surface to the ice
layer formation created during the previous melt time
block. The total backscatter is dominated by electromag-
netic wave scattering (represented by long arrows in
Figure 7) from large scatterers in the ice layer, with
negligible scattering (denoted with small arrows in
Figure 7) from small snow grains and snow surface
scattering at large incidence angles (46� for H polariza-
tion and 54� for V polarization). In this case, the
backscatter is approximated by:

s0 ¼ sI � exp �k � dð Þ ð1Þ

where k is the two-way attenuation (including the cosine
factor of the incidence wave field) in snow, sI is the initial
direct scattering from the ice layer, and d is the snow
accumulation depth [Nghiem et al., 1990]. Taking the base-
10 logarithm and multiplying both sides of the above
equation by 10, we have the result (in dB):

s0 ¼ sI � a � d for a ¼ 10 � k � log10 e ð2Þ

This result indicates the linearity of backscatter in dB with
the snow accumulation depth. To derive snow accumulation
depth from QuikSCAT data, we take d = (sI � s0)/a where
s0 is the current backscatter and sI is the initial backscatter
at the beginning of the freezing season after the last melt in
the preceding melt time block Dtm.
[22] Theoretical models to calculate the attenuation coef-

ficient a from the physical characteristics of snow under the
renormalization method and the bilocal approximation (ac-
counting for multiple electromagnetic wave interactions and

Figure 5. Number of melt days as derived from
QuikSCAT in 2002 (color scale unit in days). Solid line
contours represent the pattern of the Greenland topography.
Benson’s facies [Benson, 1962] including dry snow,
percolation, and saturation zones are delineated by the
dashed and dash-dotted contours.
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including both scattering and absorption losses in the
attenuation) are developed and published in the literature
[Nghiem et al., 1990, 1993, 1995, 2001]. However, in situ
snow height recordings from the GC-Net AWS offer a direct
method to estimate a in the percolation zone of the Green-
land ice sheet. The surface height change is recorded with
two sonic height instruments at each AWS location. The
recorded snow height change is the sum of snow accumu-
lation minus sublimation and snow densification. Snow
densification, caused by pressure and grain growth under
freezing conditions, is on the order of a few centimeters
over an annual cycle [Zwally and Jun, 2002] and has been
neglected. The height change due to sublimation can be
neglected since the rate is only 2% of the accumulation in
the percolation region of the ice sheet [Box and Steffen,
2001]. Linear regression of AWS snow accumulation data at
the NASA-SE location shows a very high correlation
between s0 and d with the correlation coefficient (see
Table 2) ranging from �0.874 to �0.941 for the four
different freezing seasons from 1999 to 2003. Values of a
are similar for all freezing seasons except for 1999–2000
when a is anomalously high and the correlation coefficient
is its lowest (Table 2). The mean value of a is 0.905 for all
freezing seasons from 1999 to 2003, with the exclusion of

Figure 6. Backscatter and snow accumulation referenced from the snow level on 1 January 1999 at
NASA-SE. The arrow indicates the date (15 April 2003) when an extreme snowfall occurred.

Figure 7. Scattering from a snow-covered ice layer.
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the time period following the large snow fall event in spring
2003, which will be discussed later.

5.3. Snow Accumulation Results for Multiple Annual
Cycles at NASA-SE

[23] Using values of a, we derive the snow accumulation
depth over the multiyear record in the NASA-SE area. The
results are presented in Figure 8 for snow accumulation
depths derived from QuikSCAT data with an individual a
value obtained for each freezing season (indigo curves) and
with the mean a value of 0.905 dB/m for all freezing
seasons (black curves). The comparison of QuikSCAT
results with measured accumulation at NASA-SE
(Figure 8) shows a good agreement for all seasons
(1999–2003). We estimate both the annual snow accumu-
lation total and the snow accumulation rate from QuikSCAT
data. Annual results are presented in Table 2 with compar-
isons to in situ measurements at NASA-SE. Overall,
QuikSCAT and AWS values agree well with mean devia-
tions around 2% to 8% (except for the 1999–2000 freezing
season to be discussed below).

[24] The 1999–2003 data record at the NASA-SE AWS
shows several severe snowfall events characterized by sharp
increases in the curve of measured snow accumulation
(Figure 6). Among these events, the April 2003 snowfall
is the most recent and is one of the most anomalous in the
NASA-SE record. The April 2003 snowfall extreme and the
anomalous snow accumulation rate in 2002–2003 have
attracted considerable interest and are addressed in a num-
ber of recent publications [Box et al., 2005; Nghiem et al.,
2005; Krabill et al., 2004; Nghiem, 2004]. Interestingly,
QuikSCAT results capture the extreme snowfall in mid-
April 2003 (Figure 8). Furthermore, snow accumulation
derived from QuikSCAT data detects the anomalous accu-
mulation rate and total snow accumulation during most of
the 2002–2003 season at NASA-SE, which are significantly
larger than those in all of the previous years (1999–2002) as
shown in Figure 8 and in Table 2. The agreement between
QuikSCAT and AWS results is better than 10% in most
cases (Table 2) although QuikSCAT data are integrated over
a 25 km � 25 km footprint while AWS data are point
measurements. To indicate the spatial variability in AWS

Table 2. Results at NASA-SE and Comparison of Snow Accumulation Rate and Total Accumulation Measured by AWS and Derived

From QuikSCAT Dataa

Freezing Season

1999–2000 2000–2001 2001–2002 2002–2003

Correlation coefficient �0.874 �0.882 �0.909 �0.941
Attenuation a, dB/m 1.12 0.723 0.884 0.893
AWS accumulation rate, mm/day 6.2 4.4 4.9 7.3
QuikSCAT accumulation rate, mm/day 3.9 4.3 4.2 7.0
Mean deviation, % 22.8 2.2 7.7 2.1
AWS total accumulation, m 1.9 1.3 1.7 2.8
QuikSCAT total accumulation, m 1.4 1.5 2.0 3.0
Mean deviation, % 15.2 7.1 8.1 3.4

aResults for 2002–2003 exclude the surface lowering effect after the 2003 extreme snowfall (dark green area in Figure 8).

Figure 8. Snow accumulation at NASA-SE measured by AWS and derived from QuikSCAT data. The
top number and the vertical green bar next to it represent the root mean square difference between two
snow height sensors (separated by about 5 m) at the NASA-SE AWS; the bottom number and the
adjacent green bar denote the maximum difference for each freezing season. QuikSCAT results capture
the extreme snowfall in April 2003 indicated by the arrow. After the snow event, AWS data show surface
lowering (dark green area) possibly due to wind erosion of this new snow layer at the NASA-SE site.
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point measurements, we present (Figure 8) root mean square
and maximum values of the difference in snow height
measurements recorded at NASA-SE by the two sonic
sensors separated by approximately 5 meters in horizontal
distance.
[25] For the 1999–2000 freezing season, the measured

versus derived accumulation values agree fairly well during
the first third of the freezing season; however, there can be
more than 20% mean deviation during the remainder of the
season. A closer examination of the 1999–2000 AWS data
reveals a number of peculiar events during which snow
accumulation discontinuously jumped sharply to a signifi-
cantly higher level in the later part of the 1999–2000 season.
This could be the result of transient or localized conditions
such as heavy snowfall or strong snowdrift at NASA-SE for
this particular time period, which were not representative of
the 25-km scale seen by QuikSCAT.
[26] In 2003, AWS data at NASA-SE show a surface

lowering effect (dark green area in Figure 8) after the
extreme snowfall in mid-April, which deposited more than
0.5 m of snow in a day. This large snow precipitation
volume is equivalent to the snow amount accumulated over
3 months based on the average accumulation rate of
5.2 mm/day for 1999–2002. This snowfall event exceeded
all previously measured events since the installation of the
AWS in the spring of 1998. A frequency analysis of peak
accumulation in 24 hours for any given week of the year
from 1999 to 2003 using AWS data at NASA-SE confirms
that the snow event in April 2003 is the most anomalous
compared to several extreme snow events on the record
shown in Figure 9.
[27] Note that the 2003 extreme snowfall occurred under

temperatures well below freezing (Figure 2), and the wind
erosion of this new snow layer was an important factor in
the surface lowering effect at the specific NASA-SE loca-
tion. The redistribution of low-density snow is common on
the ice sheet, in particular in regions with undulating surface
topography (wavelength � 5–10 km, height � 30–50 m) as
found around the NASA-SE location. This postulation is
based on a case study along the western slope of the
Greenland ice sheet near Crawford AWS (Figure 1). Two
automatic weather stations from the GC-Net, separated by
6 km, were operating at or near Crawford. One AWS is
situated atop a crest of the undulating surface and has been
operational since May 1995 providing accumulation data

along with a suite of climatological measurements (temper-
ature, pressure, humidity, wind speed and direction, etc.)
every hour. The second AWS is located 6 km (half a
wavelength) upslope and is situated in the bottom of a
trough. The latter AWS, which is identically equipped, has
been operational from May 1997 to 2001. The acoustic
height measurements from these two sites revealed a 37%
difference in surface height change due to redistribution of
low-density snow. This process explains low-density snow
redistribution after an extreme snow event, such as the April
2003 event at the NASA-SE AWS. Hence we exclude the
lowering effect in our QuikSCAT analysis, which covers a
25-km scale.
[28] An important observation (Figure 8) is that there is

only a minor difference between the snow accumulation
results derived from individual and mean values of a. This
suggests that the snow accumulation algorithm can be
significantly simplified by using the mean a. Similar
analyses at NASA-U on the western slope of Greenland,
where there is significantly less snow accumulation as
compared to that at NASA-SE, show that the mean a works
equally well. These analyses suggest that the mean a is
applicable at different locations in the Greenland percola-
tion zone and during different years.

5.4. Semiannual Snow Accumulation Maps From
QuikSCAT Data

[29] On the basis of the above we propose the use of the
mean a in this initial algorithm development for snow
accumulation mapping over the percolation zone. As an
example, we use the mean a to derive large-scale snow
accumulation from weekly averaged QuikSCAT cell data at
the horizontal polarization for the period between 7 October
2001 and 23 March 2002 (approximately half a year) for the
percolation region of the Greenland ice sheet (Figure 10).
We choose these fixed dates to obtain consistent results over
Greenland, ensuring that no melt occurred and thus avoid-
ing unstable backscatter values. The map in Figure 10 for
the 2001–2002 freezing season shows more accumulation
in the southeast side of Greenland, where NASA-SE is
located, and little accumulation in the central western
region, where NASA-U is located (Figure 1). The results
agree with the typical accumulation at NASA-SE and
NASA-U presented above. Furthermore, the overall pattern
is consistent with the snow accumulation climatology of
Greenland [Benson, 1962; Ohmura and Reeh, 1991; Bales
et al., 2001].
[30] To detect the extent of the anomalous snow accumu-

lation in southeastern Greenland for the 2002–2003 freez-
ing season, we derived the snow accumulation map for the
same period between 7 October 2002 and 23 March 2003
(Figure 11). There was no melt during this time period;
however, in April 2003, the first melt had occurred at
several locations such as JAR 3, Dye-2, Saddle, and KULU
(see locations in Figure 1). Because the fixed date approach
is applied to the time period before April, the mid-April
2003 extreme snow event is not included in the result in
Figure 11. Even with the exclusion of the extreme snowfall,
the map in Figure 11 reveals a large region of high snow
accumulation along the southeast region of the Greenland
ice sheet. In this region, there were areas containing more
than 3 m of snow accumulation over just 5.5 months. Such

Figure 9. Frequency of peak accumulation in 24 hours
during any given week derived from NASA-SE AWS data
for 1999–2003. The snow event in April 2003 shows up as
the most extreme on record.

F02017 NGHIEM ET AL.: GREENLAND ICE LAYER AND ACCUMULATION

10 of 13

F02017



an accumulation rate was well above the values for the
previous freezing season (2001–2002) for the same region.
Thus the snow accumulation anomaly occurred on the
seasonal timescale during 2002–2003 as observed in the
semiannual snow accumulation map (Figure 11), even
excluding the single anomalous snow event in April 2003.
However, there were also regions with reduced accumula-
tion rates during the 2002–2003 freezing season, particu-
larly in the southwest of the ice sheet.
[31] We caution that results shown in Figures 10 and 11

do not represent the complete total snow accumulation over
the given freezing season because we used the fixed date

approach in this initial snow accumulation algorithm. To
account for the total accumulation during a full freezing
season will necessitate the use of time domain analysis that
treats each pixel with the whole time series record of
QuikSCAT data to accurately determine the melt timing at
each pixel over the Greenland ice sheet. This timing is
different for different pixels at different locations in Green-
land. Then, the full time span of the complete freezing
season can be derived and the total seasonal snow accumu-
lation can be obtained at every pixel. We will implement

Figure 10. Snow accumulation in terms of snow depth
(color scale unit in meters) over Greenland for the time span
from 7 October 2001 to 23 March 2002 (5.5-month time
span). Snow accumulation is seen largely over the Green-
land percolation zone.

Figure 11. Snow accumulation in terms of snow depth
(color scale unit in meters) over Greenland for the time span
from 7 October 2002 to 23 March 2003 (5.5 months). Snow
accumulation in the 2002–2003 freezing season is sig-
nificantly higher over the southeast region and lower over
the southwest region compared to the 2001–2002 freezing
season.
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this advanced algorithm to obtain the full accumulation
results in the future.

6. Conclusions

[32] Greenland Climate Network measurements provide
crucial in situ data to facilitate the interpretation ofQuikSCAT
backscatter signatures for the development of new algorithms
to map ice layer formation extent and snow accumulation. Ice
scatterers formed by the percolation of melting water that
refreezes in the firn layer increase the backscatter. This effect
allowsQuikSCATdata to be used to detect andmap the extent
of ice layer formation. Results for year 2002 show an
extensive ice layer formation consistent with the record melt
area extent during the same year. In a freezing season, snow
accumulation in the percolation zone attenuates QuikSCAT
backscatter resulting in a linear backscatter decrease (in dB).
The attenuation effect enables the retrieval of snow accumu-
lation depth using QuikSCAT data. Snow accumulation
results from QuikSCAT compare well, within the measure-
ment uncertainties, with snow height data at the NASA-SE
station of the Greenland Climate Network (excluding the
surface lowering effect after the extreme snow event in mid-
April 2003), where snow accumulation during the 2002–
2003 freezing season anomalously increased by a factor
of 2 compared to the accumulation in previous freezing
seasons. QuikSCAT results for snow accumulation were
capable of detecting and capturing the 2003 extreme
snowfall.
[33] Large-scale snow accumulation maps for a period of

5.5 months in two consecutive freezing seasons, 2001–
2002 and 2002–2003, reveal an extensive snow accumula-
tion anomaly on the southeast side of the Greenland ice
sheet in 2002–2003 and a slight decrease in accumulation
on the southwest side in the same season as compared to the
2001–2002 season. These results demonstrate the complex-
ity of seasonal and interannual patterns and changes in ice
layer formation and snow accumulation that directly impact
the overall Greenland ice mass balance. Note that the snow
accumulation regions presented in Figures 10 and 11 are
largely located within the percolation zone. From the
scattering physics illustrated in Figure 7, the basis for this
approach for deriving snow accumulation is the strong
backscatter from large scatterers in an ice layer formed by
melt metamorphosis in the firn layer. The ice layer can form
during the preceding melt time block or even from years
further in the past as long as the snow cover is not too thick
to mask out the backscatter signature of the ice layer
formation. In the percolation zone, melt events release water
that refreezes in the cold firn layers, and thus this approach
is applicable.
[34] For areas where snow has accumulated for a long

time without significant melt to create large ice scatterers
or an area where no melt occurs like the dry snow zone,
this method is not appropriate. For the dry snow zone,
the use of C-band radar to map snow accumulation has
been demonstrated [Munk et al., 2003], and thus Ku-band
and C-band radar data form a complimentary data com-
bination for snow accumulation measurements over most
of the Greenland ice sheet. However, none of the meth-
ods described above can be used to derive accumulation
rates in the ablation region.

[35] Advanced algorithms will be developed to fully map
the extent of ice layer formation and total annual snow
accumulation in the percolation zone of the Greenland ice
sheet in the long term as satellite scatterometer data acqui-
sition continues on into a decadal timescale. Furthermore,
anomalous snow accumulation patterns such as those ob-
served in the 2002–2003 freezing season can cross-verify
results obtained by ICESat (Ice, Cloud, and land Elevation
Satellite Mission) or by GRACE (Gravity Recovery and
Climate Experiment Mission). Future advanced scatterom-
eter measurements with a high resolution (1 to 5 km) would
continue the long-term scatterometer time series data, and
account for high spatial gradient patterns of snow accumu-
lation in regions with undulating surface topography and in
the steep topographic regime around the Greenland ice
sheet.
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